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DT-Diaphorase Expression and Tumor Cell Sensitivity to 
17.AllyIamino,17-demethoxygeIdanamycin, an Inhibitor 
of Heat Shock Protein 90 

Lloyd R. Kelland. Swee Y. Sharp, Paul M. Rogers, Timothy G. Myers, Paul 
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Back-round: To our knowledge, 17-aI!yIaniino,17-demeth- 
oxvgeldaramvcin (l7AAG>is the first inhibitor of heat shock 
protein 90 (Hsp90) to enter a phase I clinical trial in cancer. 
Inhibition of Hsp90, a chaperone protein (a protein that 
helps other proteins avoid misfolding pathways that produce 
inactive or aggregated states), leads to depletion of impor- , 
tant oncogenic proteins, including Raf-1 and mutant p 3 3 
(also known as TP53). Given its ansamycin benzoqumone 
structure, we questioned whether the antitumor activity of 
17AAG was affected by expression of the NQOl gene, which 
encodes the quinone-metabolizing enzyme DT-diaphorase. 
Methods: The antitumor activity of -17 A AG and other Hsp90 
inhibitors was determined by use of a sulforhodamine B- 
based cell growth inhibition assay in culture and by the ar- 
rest of xenograft tumor growth in nude mice. DT-diaphorase 
activity was determined by use of a spectrophotometry as- 
say, and protein expression was determined by means of 
western immunoblotting- Results: 'In two independent in 
vitro human tumor cell panels, we observed a positive rela- 
tionship between DT-diaphorase expression level and 
growth inhibition by 17AAG. Stable, high-level expression of 
The active NQOl gene transfected into the DT-diaphorasc- 
deficient (bv NQOl mutation) BE human colon carcinoma 
cell line resulted in a 32-fold increase in 17AAG growth- 
inhibition activity. Increased sensitivity to 17AAG in the. 
transfected ceil line was also confirmed in xenografts. The 
extent of depletion of Raf-1 and mutant p53 protein con- 



firmed that the Hsp90 inhibition mechanism was maintained 
in cells with high and low levels of DT-diaphorase. 17 ' AG 
was shown, to be a substrate for purified human DT- 
diaphorase. Conclusion: These results suggest that the anti- 
tumor activity and possibly the toxicologic properties of 
17AAG in humans may be influenced by the expression of 
DT-diaphorase. Careful monitoring for NQOl polymor- 
phism and the level of tumor DT-diaphorase activity is 
therefore recommended in clinical trials with 17AAG. [J 
Natl Cancer Inst 1999;91:1940-9] 

Benzoquinone ansamycins, such as herbimycin and gei-.ana- 
mycin (Fig. 1), exhibit anticancer activity by binding to heat 
shock protein 90 (Hsp90) f a molecular chaperone, and its ho- 
mologue GRP94 (7,2 j. In this interaction, geldanamycin com- 
petes\vith adenosine triphosphate at the N-terminal-binding site 
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|| 0 f Hsp90 (3). The interaction results in th _ josome- mediated 
£ degradation of several important oncogenic proteins, including 
f-Raf-1. _c-ErbB2, and mutant (but not wild-type) p53 (also known 
% 'as TP53) (4-6). Clearly, this molecular profile offers consider- 
I able potential for antitumor activity. However, both herbimycin 
f and celdanarnycin have limitations as drug candidates because 
| 0 f poor stability and hepacotoxicity (7). This has resulted in 
| effons to discover improved synthetic analogues (8). 
t One such compound, the IT-allylaminoJ^-demethoxy ana- 
| logue of geldanamycin (I7-aIIyIaminoJ7-demethoxygeidana. 
£ mycin: 17AAG) (Fig. 1), has also been shown to bind'to Hsp90 
F (9). Although, in. rodent and dog toxicology studies, 17AAG 
£ retains some of geidanamycia's toxicity in the liver, gallbladder. 
[■ and kidney [(JO) and 'National Cancer Institute [NCI] drug data 
; file c-» I7AAG| it has a better therapeutic index. For example. 
!7AA;. exerts ariritumor activity against some human mela- 
noma xenografts at nontoxic doses [NCI drug data file on 
; 17AAG and // /)]. Preclinical pharmacokinetic studies show that 
pharmacologically active concentrations can be achieved in 
plasma and tissues [NCI drug data tile on I7AAG and (12)] and 
that the major liver microsomal metabolite (shown in Fis. I) is 
!7-amino ; 17-demethoxygeIdanamycin (J 3). In view of its novel 
mechanism of action and its good therapeutic index, 17AAG has 
now entered phase I clinical trials as.first-in-c!ass Hsp90 inhibi- 
lor u..Jcr the auspices of the U.S. NCI and the U.K. Cancer ' 
Research Campaign (CRC). Recently, the structurally distinct 
macrocyclic antifungal compound radicico! (Fig. 1) has been 
shown to bind to Hsp90 and inhibit its activity (14-17). 

DT-diaphora.se, an obligate two-electron-reducing enzyme 
[reduced nicotinamide-adenine dinucleotide (phosphate): qui- 
none oxidoreductase: EC 1.6.99.2]. catalyzes the reduction of. 
various quinones (18). As a result, cells rich in DT-diaphorase 
are especially sensitive to quinone-containing bioreductive an- 
licano.; agents, such as mitomycin C and the indoloquinone 
E09, which act as prodrugs for activation to toxic forms by 
DT-diaphorase (19-21). Some tumor types (notably, colon and 
non-small-cell lung cancers) have been shown to contain rela- 




OMe 

MeO'. R,'"^T" ^ 0C0NH 2 
Me Me 




Radicicol 





Ri 


Ra 


R 3 


Geldanamycin 


OH 


H 


OMe 


17AAG 


OH 


H 


CH 2 =CHCH 2 m 


1 7-amino 


OH 


H 


NH 2 


Herbimycin 


OMe 


OMe 


H 



'Wtia, ' SIruciur « of geldanamycin, l7-allylamino.l7-demethoxy- 

•liu I 5 " 0 '"'" (I7AAC >- l7-aniino,l7-demetho.ngeldanamycin (17-amino), 
v^'coi. .mj herbimycin. 

I^fnal of (he N at j ona | Cancer Institute, Vol. 91, No. 22, November 17, 1999 



uvely high levels of Dl .phorase (22-26). Thus, these cancers 
may be particularly suitable for treatments that use a Dr. 
d.aphorase prodrug .approach. Although previous studies (17) 
nave shown -hat geldanamycin is a substrate for DT-diaphorase 
a ceH hne denved from human colorectal cancer and exLssin* 
Dt-diaphorase did not appear to be paniculary sensitive to a e l! 
danamycn However, it is not fcaown whether cells expressln* 
?7aUg D ^i=Phorase show altered sensitfvity to 

The primary aim of this study was to investigate whether 
DT-dmphorase activity has a role in the sensitivity of human 
tumor cells to 17AAG. Initially, sensitivity to I7AAG was de 
rermined by use of the CRC/Instttute of Cancer Research (ICR) 
panel of Id human colorectal and 11 ovarian carcinoma cell 
lines, including some resistant to classical aeents. Comparative 
data were obtained in selected lines for the 17-amino metabolite 
and the additional Hsp90-binding agents geldanamvcin and 
radicicol. The correlation between sensitivity and DT- 
diaphorase activity seen in a subset of the CRC/ICR panel (se- 
lected to span the range of sensitivity to 17AAG) was then 
examined and confirmed with data from the NCI panel of 60 
human tumor cell lines (28). This led to the hypothesis that hi*h 
DT-d.aphorase expression was a major factor in determining 
ce hilar sensitivity to 17AAG but not to geldanamycin or radicN 
col. To provide further conclusive data, sensitivity to 17AAG 
was determined in a newly established, isogenic pair of cell lines 
that difreronly m the expression of the active NQOl °ene This 
pair is composed of the human colon BE line [which contains a 
disabling point mutation in the NQOl eene encodin* DT- 
diaphorase (29)] and a subline stablv transfected with the NQOl 
gene and expressing high levels of functional DT-diaphorase 
Finally, evidence that the Hsp90 inhibitory mechanism was re- 
tamed by 1 7 A AG in colon cell lines expressing hish and low 
levels of DT-diaphorase was obtained by immunoblot analysis 
of Raf-I, mutant p53, Hsp70, and Hsp90 proteins. The results 
suggest that determination of patients' NQOl cenotype and of 
tumor DT-diaphorase activity should be included in the clinical 
evaluation of 17AAG because variations in these characteristics 
could affect the toxicity and efficacy of the drug. 

Materials and Methods 
Cell Lines 

We used panels or human colon and ovarian cell l ines. We obtained cefl lines 
from commercial cell culture collections or derived (hem in-house as Scribed 
prev.ously (30): In some cases, we used sublines derived from a particular parent 
hne wuh acqu.red drug resistances cisplatin (CH IcisR and A27S0cisR ovarian 
lines) or io doxorubicin (CHIdoxR and an SKOV-3 subline stably overexore<s- 
mg the multidrag-resistance protein MRP1) (30-32). All lines were Town as 
monolayers in Dulbecco's modified Eagle medium containing 10% fetal calf 
serum. 2 mM glutamine. and 0.5 u.g/mL hydrocortisone in 6% COV94S air All 
lines were free of Mycoplasma contamination. 

Drugs and Chemicals 

Geldanamycin. 17AAC, and 17-amino, 17-demethoxvaeIdanarnvcin were suo 
plied by E. Sausville (NCI). The remaining drugs (herbimycin. radicicol strep- 
ton.grin, and dicoumarol) and chemicals were obtained from Si»ma Ch'-micM 
Co. (Poole, U.K.). - = ^- mlcal 

Growth Inhibition Studies 

We used the sulforiiodaminc B assay as described previously (30-37) for 
growth mhibition studies. Briefly, we seeded tumor cells into 96-we!l rnicrorter 
plates, allowed the cells to attach overnight, and ihen added the dm* to^adru 
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plicate we!!s as indicated. Unless otherwise indicated, we exposed cells to a daig 
for 4 davs. Thereafter, the ceil number in treated versus control wells was 
estimated after treatment with \0% trichloroacetic acid and staining with 0.4% 
sulibrhodamine B in \% acetic acid. The tC, 0 was calculated as the drag con- 
centration that inhibits ceil growth, by 50% compared with control growth. 

Stable Transaction of the NQOI Gene Into the BE 
Human Colon Carcinoma Cell Line 

BE cells contain a point mutation in the NQOI gene and thus have no func- 
tional DT-diaphorase enzyme activity (29). Wo used the bicistronic expression 
vector p£FIR£S-P (33) to express the NQOI gene in SE cells. Lipofeciamine 
(Life Technologies, Inc. [GIBCO 3RL], Gaichersburg. MD) for transaction, and 
puromvein (0.5 p.2/mL).for selection. Resulting clones were screened for DT- 
diaphorase enzyme activity or protein by an enzyme assay or immunoblotting. 
respectively (see below). Full details of the vector construction and the biologic 
properties of the stable trans fectants will be published elsewhere (Sharp SY. 
Kellund LR. Volenti MR. Brunion LA. Hobbs S. Workman P: unpublished 
results). The stable transfectants. designated BE-F397 clone 2 and SE-F397 
clone 5. were used in these studies. 

DT-Diaphorase Assay 

To determine whether I7AAG was a good substrate for DT-diaphorase. we 
used'the standard cytochrome c assay, as described previously for the bioreduv- 
tive indoloquinone E09 (34) and geldanamycin (27), but replaced menadione 
with I7AAG as the substrate and intermediate electron acceptor. We assayed 
extracts of the human colon cell line HT29 or purified human DT-diaphorase 
protein (from J. Skeily. ICR). For preparation of cell extracts, 2 x 10 7 cells were 
trypsinized. washed twice in ice-cold phosphate-buffered saline (PBS), and cen- 
tri fused (MSE Centaur I; 1 100 rpm for 5 minutes at room temperature). The cell 
pellet then was resuspended in 0.5-1 mL of lysis buffer (PBS containing \<fc 
Triton X-i 14 and 500 u>/ phenyl methylsulfonyl fluoride) and left on ice for 30 
minutes. After centrifugation (MSE Microcentrifuge; 12000 rpm for 5 minutes 
at room temperature), the supernatant was used -for protein determination and the 
enzyme assay. Results obtained for 17AAG were compared with those for gel- 
danamycin. E09, and sireptonigrin, an excellent substrate for DT-diaphorase 
(351 For all drugs, the difference in reduction of the menadione substrate in the 
absence and presence of dicoumarol (100 ujW). a standard inhibitor of DT- 
diaphorase. was determined (27). 

Irnmunoblotting 

This analysis was performed as described previously (50- 3 2). Briefly. 5 x 10 fi 
cells were trypsinized. washed with PBS ; and lysed in 100 |iL of lysis buffer at 
4°C for I hour. Lysis buffer contained 10 mL of 150 m;V NaCl-50 mM Tris- 
HC1 (pH 7.5). 500* u.L of 20 mM phenylniethylsulfonyl fluoride, 2 u.L of apro- 
tinin (10 mg/mL, stock solution), 2 pX of leupeptin (10 mg/mL, stock solution), 
100 p.L of lo mM sodium orthovanadate, 100 u.L of Nonidet P-40, and 100 y.L 
of 20% sodium dodecyl sulfate (SDS). Lysates were centrifuged (MSE Micro- 
centrifuge; I2OO0 rpm for 15 minutes at4°C), and the resulting protein extracts 
were separated (50 p.g/lane) by SDS-polyacrylamiUe gel electrophoresis and 
electroblotted to nitrocellulose tillers. Antibodies to Hsp90 and Hsp70 were 
obtained from StressGen (Victoria, Canada), and antibodies to Raf-1 and p53 
(DOl) were from Santa Cruz Biotechnology (Santa Cruz. CA). A monoclonal 
antibody to the rat DT-diaphorase (which cross-reacts with human diaphorase) 
was supplied by R. Knox (previously at CRC/1CR, now at Enzacta Ltd.. Salis- 
bury, U.K.). Antibody binding was identified with horseradish peroxidase- 
tabeled secondary antibodies combined with enhanced chemiiuminescenee re- 
agents (Amersham. Buckinghamshire. U.K.) and autoradiography. 

In Vivo Effects 

BE vector control cells and SE-F397 clone 2 cells were established as sub- 
cutaneous xenografts by injection of 5 x 10 6 cells into the flanks of adult female 
athymic nude (nu/nu) mice. The antitumor effect of I7AAG was determined in 
mice bearing comparably sized tumors (6-S mm in diameter) derived from these 
cells. Animals were randomly assigned to receive vehicle alone (five or six mice) 
or 17AAG (five animals; dose schedule = SO mg/ks per day in 10% dimethyl 
sulfoxide and 90% egg phospholipid by intraperitoneal injection on days 1-4 and 
days 7-1 1). Before this clinical formulation was available, 1 7 A AG was admin- 
istered to mice bearing HT29 xenografts in 10% dimethyl sulfoxide-0.05^ 
Tween 20-90% NaCl, with a dose schedule of 30 trig/kg per day on days 0-3 and 



days 6-10. This cose and schedule were derived from previously performed 
experiments [NO drug data file on 17AAG and (I!)). 

Tumor size was determined twice weekly by caliper measurements, and turnor 
volumes were calendared (volume = [a x b~ x ~]/f>. where a and b areonhoso* 
nal tumor diameters). Tumor volumes were then expressed as a percentage -Uhz 
volume at the start of treatment (relative tumor volume). The effect of t\. ■ Jnj ? 
was determined by the growth delay, i.e.. the difference in days required for ikt 
volume of tumors in control and treated animals to double. Ail procedures 
involving animals were performed within the guidelines set out by the Institute** 
Animal Ethics Committee and the United Kingdom Coordinating Committee f 0r 
Cancer Research's ad hoc Committee on the Welfare of Animals in Experimen- 
tal Neoplasia (36). 

Statistical Analyses 

Where indicated, errors are presented as standard deviation (n ^3). Correh- 
tion tests and linear regression analyses were computed with SAS JMP SAS 
Institute. Cary. NC). Wc assessed correlations with a Spearman calcur. n for 
the CRC/ICR panel and with a Pearson calculation for the NCI panel. Aiiaough 
the Spearman statistic is technically more robu.st.'the Pearson statistic was used 
for correlations in the NCI pane! for historic continuity. The likelihood test for 
linear model comparison was performed with S-Plus (Mathsoft, Seattle.. \V"A). 
All P values are two-sided. 

Results 

In Vitro Growth Inhibition 

The,//? vitro growth inhibition properties of geldan;;*--ycin, 
17AAG. and radieicol against panels of human colon (I; .mes) 
and ovarian ( I I lines) carcinoma cell lines are shown in Table 1, 
A. The IC 50 value for I7-amino.l7-demethoxygeldanamycin, 
the major metabolite of 17AAG, is also included for some lines. 
In most cell lines, all four compounds potently inhibited growth, 
with IC 50 values of less than 2.5 .\xM. Notably, one ovarian 
cell line (the 4LM line) was relatively resistant (1C 50 >2:5 yM) 
to all four Hsp90-interactive compounds. On average, geldana- 
mycin was the most potent agent (mean lC 5f) = 50.1 nA/), 
with similar values obtained for i 7-amino, 1 7-d ;eth- 
oxygeldanamycin (mean IC 5() = 47 nM in a subset of nine cell 
lines). 17AAG showed intermediate potency (mean IC 50 = 
220.4 nM), and the least potent agent was radieicol (mean 
587.4 nvW). 

Bar graphs showing the iC 50 values (Fig. 2) reveal some 
interesting differences in the patterns of response for geldana- 
mycin, 17AAG, and radieicol. Notably, some cell lines (e.g., 
BE and LoVo colon cells) are relatively resistant to 17AAG 
but not to geldanamycin (or radieicol). In contrast. r> % colon 
cell lines LS174T and KM 1 2 were relatively resistam g* 1 " 
danamycin but not to 17AAG. We have compared patterns of 
response for 25 cell lines (excluding 41M because this tine was 
resistant to all compounds) by use of the Spearman analysis. 
Positive, but not statistically significant, correlations were ob- 
served between geldanamycin and radieicol (r = .36; P = .08) 
and between geldanamycin and 17AAG (r = .33; P = 
There was, however, no correlation between 17AAG and radiei- 
col ( r = -.08; P = .72). Results indicate relatively distinct 
patterns of response for the three compounds: [7- An no, 1^' 
demethoxygeldanamycin was studied in only a few line- in titf 
panel. With the exception of LS174T colon cells, which art 
relatively resistant to geldanamycin and more sensitive to the 
17-amino metabolite, the two compounds behaved similarly 
across the panel. 

Activity hi Acquired Anticancer Drug-Resistnnt Cell Lin^ ; 

The in vitro potencies of geldanamycin, 17AAG, and radid" 
col have also been evaluated in various anticancer drug- resist 1 . 
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Xnblc l.'fn vitro human tumor cell growth inhibi 
£ . heat shock protein inhibitors 



17AAG and other 



'-A- Summary of growth inhibition (drug concentrations that inhibit growth 
- by SO^e [I€ 5a l) of geldanamycin, 17AAG. radicicol and 17-amino against 
the CROICR panel of human colon and ovarian tumor cells*. f 



Ceil line 


Geldanamycin 


17AAG 


Radicicol 


1 7- A mi no 




Colon" 










SH 


19.3 ±3.1 


773 ± 30.6 


190 


IS 


HT29 


46.7 ± 9 


8.9 ± 2.9 
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ND 


HT; * 


i 1.3 


13.5 


390 


17 


KM! 2 


54 
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135 


ND 
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77 


100 


20.5 


LS i 74T 
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78.5 


780 
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21.9 


i 130 


360 
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58 
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ND 
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3.1 


6S 


I !0 


ND 
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A27S0 


1 1 .5 


12 , 


115 


43 


CHI 


104.5 


1055 


325 


190 


HX6.2 


47 


670 


2500 


ND 


IGR" V-l 


94 


92 


295 


ND 


0VCAR-3 


5 


5S 


69 


ND' 


OVCAR-4 


9.6 


295 


540 


ND 


OVCAR-5 


88 


40 


660 


ND 


OVCAR-8 


15.5 


67 


230 


ND 


PXN94 


84 


43 


1450 


ND 


SKOV-3 


46 


76 


395 ' 


- 58 


41 M 


>25()() 


5200 


2350 


>2500 



8. Growth inhibitory properties of geldanamycin, 17AAG, and radiciol 
against anticancer drug-resistant human tumor ceil lines*, 7 



Ceil line 



A2780 
A27SOcisR 
RF 
CHI 

CHlcisR 
RF 

2HldoxR (Pop) 
*F 

^KOV-;. p, !10 

^KOV-3 S2 (MRP) 
i? 



fCso, n/V/ 


Geldanamycin 


17AAG 


Radicicol 


7.1 


2.4 


1 15 ' 


9.1 


1.9 


270 


1.3 


0.8 


2.3 


49 


960 


325 


17 


1220 


88 


0.35 


1.3 


0.27 


2500 


>2500 


565 


51 


>2.6 


1.7 


97.3 


46 


280 


337 


142 


280 


3.5 


3.1 


1.0 



*17AAG = i7-ailytatnino.l7-demetho.xygeldanamycin: 17-Amino = 17- 
m,n o,I7-deniethoxy»cidanamycin; CRC = Cancer Research Campaign; ICR 
■ Institute of Cancer Research; MRP = mulridrug-resistancs protein: Pgp = 
■^ycoprotein: puro = puronwein; ND = not done; RF = resistance factor 
Wa-resisiant or -trans fected line/parent/ vector control line). 

'Data are either the mean ± standard deviation fn 
sfcrmi nations. 



3) or the mean of two 



Jblines. These lines possess acquired resistance to cisplatin 
* 1S R lines) or to doxorubicin through overexpression of P- 
'^oprotein fdoxR line) or of MRP 1 (SKOV-3 S2) (Table 1, B). 
*ough little cross-resistance to geldanamycin was observed 
Un s cisplatin-resistant cell lines, geldanamycin was markedly 
^potent in the P-glycoprotein-overexpressing cell lines and in 
e MRPl-overexpressing cell lines than in the parent lines, 
Resting that geldanamycin is a substrate for these multidrug- 

Ur *al of the .National Cancer Institute, Vol. 91, No. 22, November 17, 



GeJdanamvcin 



* 10.000 



Ovarian 



Colon 



• 1 0,000 















1 




% 









\\\ lis i 




§ l 



3 J 5 3 5 



17-AAG 




_ — ,, . . . . ■ ; ? u 2 - i . _ 

:s u y j y s_ ^ j o ; u : -j 

y-»-»^> tn □ (J — — • 

-scoo u = 



Radicicol 



< *t * £ 




Fig. 2. Patterns of in vitro growth inhibition response across 25 human colon or 
ovarian carcinoma eel! lines (as indicated) for geldanamycin (A), 17- 
aIlyiaminoJ7-demethoxygeldanamycin (17-AAG) t'B), and radicicol (Q. Re- 
sults are displayed as the extent to which the IC 50 value (mean drug concentra- 
tions that inhibit growth by 50% for a 96-hour exposure) for a given cell line was 
greater or lower than the mean IC i0 calculated for the entire panel. Vakjes for the 
mean IC 50 across the whole pane! were as follows: 50.1 nAf for seidanamvein 
220.4 nAf for 17-AAG, and 587.4 nM for radicicol. 



resistant efflux proteins. The picture is rather less dear for 
17AAG because the parental CHI ovarian cell line is relatively 
resistant to 17AAG, although there is at least a 2.5-fold cross- 
resistance to 17AAG in CHldoxR. The level of cross-resistance 
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for geldanamycin and 17AA is similar in the MRP- 
.overexpressing ovarian line/Like geTdanamycin, 17AAG retains 
full activity in che cisp la tin- resistant lines. 

Growth Inhibition and DT-Diaphorase Enzyme Activity 

Because geldanamycin and I7AAG are quinone-based com- 
pounds and BE cells have a disabling point mutation in the 
NQOl gene (29), the lack of DT-diaphorase activity in these 
cells could be involved in their surprisingly high relative resis- 
tance to 1 7 A AG and low relative resistance to geldanamycin. To 
explore this possibility, we measured DT-diaphorase "enzyme 
activity and IC< 0 values for geldanamycin, 17AAG, and radici- 
col in 1 1 cell lines (selected from those shown in Table Y), with 
a broad spectrum of responses to these compounds (Fig. 3). A 
statistically significant negative Spearman correlation was ap- 
parent for 17AAG (r = -81: P = .002). Cells with marginal 
DT-diaphorase levels were relatively resistant to 17AAG? but 
there was no statistically significant correlation between sensi- 
tivity to geldanamycin or radicicoi and DT-diaphorase levels 
(P = .33 and .76. respectively). Thus, we have identified the 
potential for a causal link between expression of DT-diaphorase 
and sensitivity to 17AAG, but not geldanamycin, in the CRC/ 
ICR panel of colorectal and ovarian cell lines. 

We then repeated this analysis with the NCI panel of 60 cell 
lines, which are derived from a diverse group of human cancers 
(28). We have reported previously the DT-diaphorase activities 
for this panel of cells (23) as the logarithmically transformed 
values that are normally used for analysis in the NCI panel. We 
used correlation tests to explore the hypothesis that DT- 
diaphorase levels could be directly responsible for the sensitivity 
differences observed among the cell' lines. The Pearson correla- 
tion coefficient indicated a weak positive relationship between 
DT-diaphorase expression and sensitivity to 17AAG (r = .11). 
The con-elation between DT-diaphorase and geldanamycin was 
also weak, with possibly a negative trend (/* = -15)" Neither 
correlation was statistically significant (P = .43 and .24, re- 
spectively). We then tested the hypothesis that, although DT- 
.diaphorase activity may not predict sensitivity to L7AAG di- 
rectly, it might explain why some ceil lines are more sensitive to 
I7AAG than to geldanamycin. We tested this hypothesis by 
comparing the following two linear regression models: i") 
I7AAG sensitivity = geldanamycin sensitivity + error, and 2) 
I7AAG sensitivity = geldanamycin sensitivity + DT- 
diaphorase activity + error. Because 17AAG and geldanamycin 
are reasonably well correlated (r = .50; /><.001) t both models fit 
the data well. However, more important, inclusion of DT- 
diaphorase caused a statistically significant (P = .03) improve- 
ment in the fit as measured with a likelihood ratio test (analysis ' 
of variance by use of the F statistic). Thus, DT-diaphorase 'is a 
statistically significant factor when the sensitivity patterns of 
17AAG are compared with those of geldanamycin. Addition of 
multidrug resistance protein status, as measured functionally by 
rhodamine efflux, did not improve the above model (data" not 
shown). 
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Fi«. 3. Relationship between hi vitro growth inhibition and DT-diaphorase ex- 
pression for heat shock protein 90 inhibitors. The results are displayed as a plot 
of IC 50 (mean drug concentrations that inhibit growth bv 50% U 96-W 
exposure) versus DT-diaphorase enzyme activity and DT-diaplioi-x; enzym< 
activity tor geldanamycin (A) ; 17-ally [amino, 17-demethoxygeidanamycin (B). 
and radicicoi (C) in the following 1 1 human tumor ceil lines: I = CHI (ovar- 
ian): 2 = 41M (ovarian); 3 = LS174T (colon); 4 = BE (colon); 5 = HCTliS 
(colon): 6 = A27S0 (ovarian): 7 = HT55 (colon); 3 = UMI215 (colon); 9 3 > 
LbVo (colon); JO = SKOV-3 (ovarian): and LI = HT29 (colon). 

the naturally high DT-diaphorase-containing colon line HVA 
possess similar levels of DT-diaphorase protein (umublish^ 
results). Enzyme activity data supported the immunob: -ctinff 



Activity in Isogenic BE Colon Cell Lines That Contain or 
Lack the Active NQOl Gene 

To more directly investigate the role of DT-diaphorase in 
mediating the cytotoxicity of 17AAG, we stably transfected the 
BE cell line with the NQOl gene encoding DT-diaphorase. As 
shown by immunoblotting, the resulting BE-F397 clone 2 and 
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servations. Values (measured as the dicoumarol-inhibitable &g 
duction of -menadione and expressed as micromoles of cyt^ 
chrome c reduced per minute per milligram of protein) are & 
follows: BE vector control cells, immeasurable activiif 
(<0.002); BE-F397 clone 2, 1.4 ± 0.5; BE-F397 clone 5, 1- 3 | 
0.2; and HT29, 0.94 ± 0.2. This HT29 activity is similar to tf| 
activity obtained previously with the same assay (27). Fu?g 
tional validation of the model was provided by the observafi^ 
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^ai introduction of the DT-diaphorase gu.je'into BE ceils sub- 
: sra/itiaily enhanced the potency of streptonigrin. an excellent 
DT-diaphorase. substrate and bioreductive agent. The desree of 
potentiation correlated with DT-diaphorase~Ievels and activity 
(117-fold potentiation in BE-F397 clone 5 and 142-fold poten- 
tiation in St-F397 clone 2). Further details will be published 
elsewhere. 

Dose-response curves for geldanamycin and 17AAG in BE 
vector control cells and BE-F397 clone 2 are shown in Fi° 4, A. 
Although the two lines showed similar sensitivity to geldana- 
mycin. BE vector control cells lacking DT-diaphorase were 
markedly less sensitive to 17AAG. The degrees of potentiation, 
(in terms of IC 50 values) for geldanamycin, 17AAG, 17- 
aminoJ7-demethoxygeIdanamycin s radicicoi, and herbimycin 
obser-vd when DT-diaphorase was introduced into the BE colon 
cell line are shown in Fig. 4, B. Notably, a 32-fold potentiation 
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was observed with ! / A AG, whereas a less than threefold po- 
tentiation was observed for ail other compounds evaluated In a 
second test of the effect of DT-diaphorase on the srowth inhibi- 
tory properties of these compounds (Fis. 4, B), HT?9 colon c-lis 
(naturally high in DT-diaphorase activity) were compared with 
BE parent ceils (no measurable DT-diaphorase activity) Results 
generally mirrored those results observed with the isogenic 
transfected pair of BE lines, with onlv 17AAG, of the Hsp90- 
inhibitors tested, showing a marked DT-diaphorase-mediated 
difterentia! effect (87-fold potentiation), ft is of interest in this 
pair of lines that HT29 cells had a strikinalv greater sensitivity 
to radicicoi than did BE ceils, an effect not seen with the iso- 
genic BE cell line pair. 

Reduction of 17AAG by Purified Human DT-Diaphorase 

Having demonstrated a potentially important- role for DT- 
diaphorase in cellular sensitivity to 17AAG, we used a menadi- 
one substrate replacement assay as described previously (^7 34) 
to determine the ability of this agent, geldanamycin/ and ' 17- 
ammo f I7-demethoxygeIdanamycin to act as substrates for puri- 
fied human DT-diaphorase (Table 2). Streptonigrin (35) an ex- 
cellent substrate for DT-diaphorase, was also "included in the 
comparison. We found that I.7AAG was a reasonable substrate 
tor DT-diaphorase. but it is not appreciably better than Geldana- 
mycin or 17-amino ) 17-demethoxygeldanamvcin. This is perhaps 
surprising m view of the cellular data. The DT-diaphorase- 
mediated reduction rate was similar for all three analoeues, each 
at a substrate concentration of 10- juuV/. At 50 julA/. 17AAG and 
I7-amino t i7-demethoxygeidanamycin gave twofold to threefold 
higher -rates than geldanamycin, and the difference was even 
greater at 100 \lM. Geldanamycin at 100 jx/V/ resulted in sub- 
strate inhibition, which was not observed with the other two 
analogues at 100 yM. The latter two concentrations, however 
are much higher than the pharmacologically relevant ran^e It 
also should be noted that all three of the ansamycin analogues 
gave reaction rates that were substantially lower than ratesob- 
served for streptonigrin (Table 2). With the structurally distinct 
Hsp90 inhibitor radicicoi, which lacks a quinone moiety, no 
reduction was observed. 

Effects of 17AAG on Hsp90, Hsp70, and Oncogenic 
Proteins 



To determine whether the mode of action of 17AAC was the 
same in cells expressing low and high levels of DT-diaphorase 
and to guide the choice of molecular pharmacodynamic markers 
m the imminent clinical trial, we measured the levels of Raf-i 
mutant p53, Hsp90, and Hsp70 proteins in vector control cells 
and transfected BE cells treated with 17AAG (or geldanamycin) 
Levels of these proteins 6 and 24 hours after the addition of 
equitoxic (continuous exposure to 5x and lOx 1C- ) or 
equimolar (0.15 and 0.3 u.M) geldanamycin or 17AAG are 
shown in Fig. 5. No change in Hsp90 protein levels was ob- 
served. A similar marked reduction, especially at 24 hours was 
observed for Raf-1 and p53 proteins in the BE vector control 
ceils and BE-F397 clone 2 cells at equitoxic concentrations By 
contrast, an increase in Hsp70 levels was observed. Forgeidana- 
mycin or 17AAG at equimolar concentrations (0.15 or 0.3 \xM) 
no change in any of the four proteins was observed in the BE 
vector control cells expressing low levels of DT-diaphorase 
consistent with their cellular resistance at these concentrations' 
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Tabic 2. Reduction of geldanamycin, 17-ah >.alfiino. 17-demethoxygeIdana- 
mycin (17AAG). and 17-anHno.i7-deniemoxygeluanarnycin (17-amino) by 
punned human DT-diaphorase (at 20 ixg/mL)*,t 





c* reduced per minute per ms of proteni 


Menadione. 10 u.A/ 


! ISS.5 ± 163.7 


SirepLonigrin, 50 p>/ 


206.1 ±6.0 


Streptonigrin. 25 u..V 


159.1 ±9.0 


Streptonigrin. iO 


!76.6.± 69.5 


Ge 1 da n am yc i ik 100' jx-V/ 


1.5 ±0.S 


Ge 1 d a n am yc in, 50 pjV/ 


7.2 ±3.3 


Geidanamvcin, 25 uA/ 


7.0 ± 1 .0 


Gel da nam vein. 10 ii/V/ 


4.3 ± 0.6 


I7AAG. 100 u,.-W 


20.5 ± 2. 1 


I7AAG, 50 puW 


■ 15.0 ±7.9 


I7AAG. 25 a/W 


8.3 ± 1.3 


I7AAG. 10 \lM 


3.6 ± 0.6 


1 7- Ami no. 1 00 u-W 


17.6 = 5.3 


i 7-Amino. 50 u.;V/ 


22.3 ± 3.6 


i 7-Amino. 25 \lM 


11.7 ±4.3 


1 7-Amino. 10 \iM 


6.S ± 3.5 


Radicicoi 


ND 



^Values are individual or mean ± standard deviation (n = 3). 
tND - not detectable at all concentrations tested. 

In Vivo Effects of 17AAG 

We determined the effect of 17AAG on the response of the 
BE vector control ceils and BE-F397 cells when grown subcu- 
taneously as solid tumor xenografts in nude mice. 17AAG was 
administered at the maximum tolerated dose of 80 mg/kg per 
day intraperitoneally on days 0-4 and days 7-1 1, a schedule that 
is active on sensitive xenografts [NCi drug data' file on 17AAG 
and (11)]. The xenograft tumor grown from the transfected BE- 
F397 cells (Fig. 6, B) was more sensitive than the BE vector 
control cells (Fig. 6, A). The growth delays, calculated from the 
time required to reach twice the treatment volume, were 11.4 
days for the BE-F397 xenograft and 5.8 days for the vector 
control. For the HT29 xenograft (and a similar schedule of SO 



mg/kg per day intraperitonealiy on days 0-3 and days 6-10) a 
growth delay of 16.6 days was observed (Fig. 6, C). Experiments 
(not shown) confirmed that the differences in -DT-diaphorase 
expression seen in vitro were maintained in the xenoeraft /'data 
not shown). Thus, the HT29 line wich a naturally high le- . r l 0f -. 
DT-diaphorase and also the transfected BE-F397 "line were mor* ' 
sensitive in vivo than the BE vector control cells that have a low 
level of DT-diaphorase activity. 

Discussion 



17AAG is currently entering phase I clinical trial as the first- 
in-crass Hsp90 inhibitor, under the auspices of the NO arid 
*CRC. Treatment with this drug results in the deplete of a 
number of important oncogenic proteins, including Raf-1 
ErbB2. and mutant p53 proteins, from tumor cells (1.4-6, 9). I n 
this article, we show that the levels of DT-diaphorase activity in 
a tumor cell are an important and statistically significant deter- 
minant of how well I7AAG will inhibit the growth of that tumor 
cell. Evidence for this roie of DT-diaphorase comes from the 
following three observations: 1) There was a statistically signifi- 
cant correlation between DT-diaphorase activity and sensitivity 
to 17AAG for 1 1 human colon and ovarian cancer ceil Mr.- from 
the CRC/ICR panel. 2) Subsequent interrogation of d:i.-i from 
the NCI panel of 60 human tumor cell lines supported the hy- 
pothesis that the level of DT-diaphorase activity was a contribu- 
tory factor in the differences in the sensitivity of tumor cell lines 
to 17AAG compared with geldanamycin. [in an analogous way, 
the differences in sensitivity between methotrexate and trimet- 
rexate in the NCI 60 human tumor cell line panel have been 
explained by differences in the levels of reduced folate carrier 
protein (37).] 3) Transfection of DT-diaphorase into the BE 
human colon cancer cell line, thereby creating pairs of ; genic 
cell lines differing only in DT-diaphorase expression, resulted 
in a marked increase in 17AAG-induced growth inhibition w 
vitro and an increased response to ! 7 A AG in vivo. The dearee 



Fig. 5. Representative immunoblofs lor heat shock protein 
90 (Hsp90).. RAF-I, p53, and Hsp70 fas indicated) in BE 
vector control or BE clone 2 cells exposed co equi toxic 
concentrations (5x or I Ox drug concentrations that inhibit 
growth by 50% [IC 5n ]) of geidanamvcin (0.2 and 0.4 pM 
tor 5x and iOx 1C 50 in 3E vector control cells and 0.1 and 
0.2 iiM for 5x and I Ox fC 50 in BE-F397 clone 2 cells, 
respectively) or 17-allyIamino.l7-demethoxygeldanamycin 
(17AAG: 7 and 14 u>/ for 5x and iOx IC^in BE vector 
control cells and 0.15 and 0.3 \xM for 5x and IOx [C 30 in 
BE-F397 clone 2 cells, respectively). Two fixed concen- 
trations of 17AAG (0.15 and 0.3 u>0 are also shown for 
RAF- 1 in the BE vector control cells. Cells were exposed to 
drug For 2 hours and harvested 6 and 24 hours after expo- 
sure. Lane 1 = 6-hour incubation of untreated cells; lane 

2 = 6-hour incubation in geidanamvcin (5x IC 50 )*. lane 

3 = 24-hour incubation in geidanamvcin (5x IC^V. lane 

4 = 6-hour incubation in geidanamvcin (IOx \C M) ): lane 

5 - 24-hour incubation in geldanamycin (IOx IC 50 ): lane 

6 = 6-hour incubation in I7AAG (5x 1C 50 ); lane 7 - 
24-hour incubation in 17AAG (5x IC 5n ): lane 8 - 6-hour 
incubation in I7AAG (IOx IC 50 ); lane 9 = 24-hour incu- 
bation in 17AAG (IOx IC^): and lane 10 = 24-hour in- 
cubation of untreated cells. Blots for the BE vector control 
cells and 17AAG are also shown. Lane 11 = 6-hour in- 
cubation of untreated cells; lane 12 - 6-hour incubation in 0. 
in 0.3 \LtVf 17A AG; lane 15 = 24-hour incubation in 0.3 \lM 
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Fig. 6. Effect of DT-diaphorase expression on the response of human tumor 
wnografts in vivo to J7-allylamino.l 7-demeirtoxygeldanamycin (17AAG). Tu- 
mor growth curves for mice bearing BE vector control (A J. BE-F397 clone 2 (B). 
«r HT29 iC) xenografts after treatment with 17AAG. The dosing schedule was 
SO mg/1... jvr day intraperitoneally daily on days 1-4 and days 7-11 for BE 
'"mors and on days 0-3 and days 6-10 for HT29 tumors. A = 17AAG: O = 
control. Data for relative tumor volumes are the means (± standard deviation) 
fr »m five animals. 



of in vitro growth inhibition con-elated with the level of enzyme 
expression, being 32-fold higher in the transferred cell line with 
ihe higher levels of DT-diaphorase and 22-fold higher in the 
lr ansfected cell line with somewhat lower levels. Of interest, 
l He DT-diaphorase effect was not observed with geidananiy- 
Cln j results in agreement with data from a nonisogenic pair 
Moreover, the effect was not seen with 17-amino, 17- 
^niethoxygeldanamycin, which was identified as the major 
'AAG metabolite in human and mouse hepatic preparations 
3) and confirmed as such in vivo (NCI drug data file on 
DT-diaphorase activity also appeared unrelated to the 
Potency of radicicol the structurally distinct Hsp90-binding an- 
[ poik. Indeed, BE cells that express a low level of DT- 
la phorr,se were almost 10-foid more sensitive to radicicol than 



were HT29 cells, whi* xpress a naturally high level of DT- 
diaphorase. There was no difference with radicicol in the iso- 
genic transfected BE cell line pair. 

The correlation seen between expression cf DT-diaphorase 
activity and sensitivity to 1 7 AAG but not to geidanamycin or 
radicicol shows that the effect is not generic across all Hsp90 
inhibitors or, indeed, across all benzoquinone ansamycins. The 
precise mechanism by which high levels of DT-diaphorase in 
tumor cells result in sensitivity to 17AAG is not clear. The 
observation that DT-diaphorase activity affects tumor cell sen- 
sitivity to-17AAG but not to geldanamycin or 17-amino.i7- 
demechoxygeldanamycin is not explicable in terms of their re- 
spective behavior as substrates for the purified human enzyme. 
Although we have demonstrated that 17 AAG is a reasonable 
substrate for human DT-diaphorase, it was not appreciably better 
than geldanamycin or l7-amino,17-dememoxygeldanamycin. 
particularly at more relevant drug concentrations". Onlv at the 
markedly suprapharmacologic concentrations of 50 and 100 u.M 
was 1 7 AAG reduced at a statistically significantly faster rate 
than geldanamycin. For 17-amino, 17-demethoxygeIdanamycin, 
there was no appreciable difference in rate compared with gel- 
danamycin. 

Given the close structural similarity of 17AAG, 17-amino. 17- 
demethoxygeidanamycin, and geldanamycin (Fig. 1), it is clear 
that it is the allyl substitution on the amino group at position 17 
that is responsible for the DT-diaphorase effect. Preliminary 
results with a range of 17AAG analogues are consistent with this 
observation. We hypothesize that the behavior of the reduction 
product of 17AAG must differ from the reduction products de- 
rived from geldanamycin analogues with other substituents. 

The xenograft experiment confirmed that DT-diaphorase- 
transfected BE-F397 cells were more sensitive than BE vector 
control cells in a solid tumor in vivo. The naturally high DT- 
diaphorase-containing HT29 xenograft was also more sensitive 
than the BE vector control xenograft. Dose-response data were 
not generated in these experiments. However, it seems likely 
that the differences seen in the in vivo xenografts were not as 
large as those observed in the same lines in vitro. One factor that 
would tend to decrease the contribution of DT-diaphorase levels 
in the xenograft experiments is the metabolism of 1 7 AAG to the 
17-amino derivative, which is the major metabolite in the mouse 
(J 3). This could' be important because we show in this article 
that sensitivity to the 17-amino metabolite is not affected by 
DT-diaphorase. Formation of the 17-amino metabolite is cata- 
lyzed by cytochrome P450, specifically CYP3A4 in human mi- 
crosomes (13), Thus, we propose that the sensitivity of a given 
patient's tumor to 17AAG may be affected by the balance be- 
tween DT-diaphorase and CYP3A4 metabolism. Consequently, 
we urge that both enzymes (or surrogates thereof) be monitored 
in the clinical studies that are now under way with 17 AAG. 

We determined that 17 AAG was operating through the Hsp90 
protein to stimulate degradation of the oncogenic client proteins 
Raf-1 and mutant p53 by use of 17AAG at equitoxic and 
equimolar concentrations and cells expressing high and low lev- 
els of DT-diaphorase. The depletion of client proteins reported 
previously for both 17 AAG and geldanamycin (4-6,9) was seen 
in cells expressing high and low levels of DT-diaphorase. At 
equitoxic concentrations of 17AAG or geldanamycin (5x and 
10x IC 50 ) in the isogenic BE cell lines after 6 hours and, espe- 
cially, after 24 hours of drug exposure, there was a similar and 
marked reduction in Raf-i and mutant p53 proteins. Aithe fixed 
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concentrations of 0.15 or 0.3 jjl A^f s ...AG,, which inhibited 
growth of wild-type NQOl-transfected ceils but* not BE vector 
control cells, there was no reduction in Raf-l or p53 protein in 
cells with low levels of DT-diaphorase. whereas depletion was 
seen in the cells with high levels of DT-diaphorase that did 
respond to these concentrations. Thus, target activity was main- 
tained in the presence of the respective active concentrations of 
I7AAG, independent of the expression of DT-diaphorase. This 
rules out the possibility that different target mechanisms operate 
in ceils expressing low and high levels of DT-diaphorase. 
Rather, DT-diaphorase expression increases the potency of 
I7AAG via client protein depletion. 

In contrast to effects reported in melanoma xenografts after- 
administration of 17AAG (ll) t no difference in the levels of 
Hsp90 was observed in our experiments. Hsp70 levels, however, 
were increased, consistent with the removal of Hsp90- induced 
transcriptional repression of Hsp70 when Hsp90 is inhibited 
(38). Again, this effect was seen at equi toxic concentrations of 
I7AAG in both high and low DT-diaphorase lines, consistent 
with retention of the Hsp90-binding mechanism. 

The high constitutive expression of p53 in BE cells suggests 
a mutant p53 genotype. Effects on mutant p53 were consistent 
with cell cycle effects of geldanamycin reported in cell lines 
expressing wild-type or mutant p53 (39). In our own studies on 
the A27S0 human ovarian carcinoma cell line (wild-type for 
p53) and a subline stably transfected with the viral p53- 
inactivating gene HPVE6 (40). we found no difference in sen- 
sitivity to geldanamycin or I7AAG. Overall, the results indicate 
that p53 status is unlikely to influence sensitivity to I7AAG. 

In summary, although uncertainties remain regarding the pre- 
cise mechanism involved, our results clearly show that expres- 
sion of DT-diaphorase can influence a tumor's sensitivity- to 
17AAG. It is also possible that N r QOI expression could affect 
toxicity of I7AAG toward normal tissues. There are obvious 
implications for the clinical evaluation of 17AAG as an antican- 
cer agent because 5%-20% of the population (.depending on 
ethnicity) is homozygous for the genetic polymorphism used in 
this study, the DT-diaphorase-disabling point mutation in the 
NQOl gene present in the BE colon cell line (41). In addition, 
the expression of DT-diaphorase in human tumors is very vari- 
able (2526), as it is in the cell lines studied herein and elsewhere 
{22-24). We suggest that, in addition to measuring degradation 
of oncogenic client proteins and/or an increase in Hsp70 after 
treatment with 17AAG as potential markers of. activity and 
therapeutic response, NQOl/DT-diaphorase genotype, CYP3A4 
status, and also tumor DT-diaphorase levels should be deter- 
mined. In particular, we propose that these measurements may 
provide useful indicators of efficacy and/or toxicity and should 
be considered for the. phase I clinical trials of 17AAG that have 
recently begun under the auspices of the NCI and CRC. 
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